Three different interfaces were used to browse a large (1296 items) table of contents. A fully expanded stable interface, expand/contract interface, and multilane interface were studied in a between-groups experiment with 41 novice participants. Nine timed fact retrieval tasks were performed; each task is analyzed and discussed separately. We found that both the expand/contract and multilane interfaces produced significantly faster times than the stable interface for many tasks using this large hierarchy; other advantages of the expand/contract and multipane interfaces over the stable interface are discussed. The animation characteristics of the expand/ contract interface appear to play a major role. Refinements to the multipane and expand/ contract interfaces are suggested. A predictive model for measuring navigation effort of each interface is presented.
Based on these findings, we then ran separate one-way ANOVAs to analyze each timed task for differences in completion times across the three interfaces. Tukey's post hoc analysis was used to determine specifically which interfaces ) had the statistically significant advantage. The results are presented both in Table II and Figure 4 . Data for task 1 showed that both the multipane and stable interfaces had significantly faster mean times than the expand/contract interface at the p < 0.01 level. The data for tasks 2, 3, 6, and 7 showed that both the multipane and expand/contract interfaces had significantly faster mean times than the stable interface at the p <0.01 level. The data for Task 4 showed that the expand/contract interface had a significantly faster mean time than the stable interface at the p < 0.05 level. The data for task 9 showed that the multipane interface had a significantly faster mean time than the expand\ contract interface at the p <0.05 level.
DISCUSSION
As expected, both the expand/contract and multipane interfaces produced faster performance times than the stable interface. The differences predicted between the expand\ contract and multipane interfaces across tasks favored the multipane interface for task 1 and task 9. Another major factor in the relatively good performance of the expand/contract interface may be the animation characteristics of the expansion and contraction of TOC items. We have seen other systems that use the expand/ contract feature, yet the animation characteristics were poor, simply a complete or partial window refresh with all the new information present (or hidden). Our animation used revealing (or hiding) rapidly one new item at a time in the proper order until all new items were displayed (or hidden). We feel that this helped users locate where the new information was being put (or taken away) than would the paint-all-at-once nonanimation characteristics of other systems. Section 5.2 describes different ways the animation characteristics can be performed with their tradeoffs.
Observed General Browsing Characteristics
This section describes the observed browsing characteristics of the participants in our exploratory experiment for each of the three interfaces. The observations are supported by collected user interaction data which logged mouse events for scrolls and TOC item clicks. Participants often read or scanned carefully all the items on one screen before scrolling to the next screen of information. Participants almost never scrolled quickly just looking for the flushleft chapter titles to guide them through the TOC as they might when using a physical book. Participants rarely took advantage of the gross-scrolling feature of the scroll bar, but rather scrolled most often screen by screen or continuously by a single line at a time. This behavior seems to be due more to the fact that they were unfamiliar with the TOC structure and size rather than being unfamiliar or uncomfortable with the different features of the scroll bar, for those participants that attempted gross scrolling often did not arrive close to their target location and went back to the safe approach of scrolling screen by screen.
Expand/Contract
Interface.
Users of this interface used chapter titles to guide their browsing through the TOC-they had no other choice. Participants usually left items expanded when doing most of the tasks. The exception to this was during heavy exploration tasks (tasks 5 and 9); during that time, participants more often Many participants reacted when an item expanded into more than about a dozen subordinates.
Often participants physically moved away from the screen and\or chuckled when such an expansion happened. Perhaps they were overwhelmed by the amount of new data made visible in the TOC; perhaps the animation characteristics take on a humorous look when so many items are inserted one item at a time.
Multipane
Users of this interface used chapter titles to guide their browsing through the TOC. The information changed very quickly to the new information to be displayed, and thus exhaustive exploration was a popular interaction style. However, it seemed that some participants forgot that the chapter and section panes could be scrolled, and often they explored only the TOC items visible in those two panes; yet participants did not seem to forget the subsection pane could be scrolled. This could be because the training TOC almost always had all the chapter and section items visible, and scrolling them was not necessary; but scrolling was still necessary in the subsection pane. Thus when the large TOC was encountered, it seemed that some participants forgot scrolling was a navigation technique for the two upper-level panes, even though they had scrollbars and there was no whitespace at the bottom of those text panes which would indicate that there was no further information in the pane. When trying their first large-scale search, many participants made a remark that they were lost. Initially, they were visibly shaken or disappointed in themselves for getting lost, but they quickly realized (within ten seconds) that the navigation features of this interface made being lost an easy state from which to recover, they could just click on a chapter item to display its contents and restore a familiar state.
Individual Timed Tasks
Most of the tasks that favored the expand/contract and multipane interfaces over the stable interface can be explained by the fact that the stable interface required excessive scrolling and more reading to locate proper TOC items to complete tasks. This was borne out in our pilot studies, and some attempts were made to lessen this frustration in the large TOC by locating target items toward the beginning more than would happen on average. too fast, then users may become disoriented as to where new information appeared. If it is too slow, then users are not able to perform actions as fast as they may want (since user action is prohibited until the animation is complete). The multipane interface displayed new information very rapidly and did not require a contraction step to keep information from becoming fragmented or overwhelming, thus allowing exhaustive exploration to occur faster than with the expand/contract interface. Because the new information always appeared in the same place(s) in the window in the multipane interface, participants would be less likely to become disoriented as to where new information was to be found. Thus this method of rapid display of new information posed little problem with disorientation. This was a very simple navigation task that was created to be very easy to accomplish in order to build confidence in participants' minds. Both the multipane and stable interfaces allowed users to perform significantly faster than the expand\ contract interface because both those interfaces had the answer displayed on the initial screen. The expand\ contract interface's initial display did not have the answer on the screen; users had to click on chapter one to expand its subordinates onto the screen. The data matched our expectations of performance among the interfaces. This task was created as a natural successor to task 1; it was the same type of task, but more effort was needed to accomplish it. Both the multipane and expand/contract interfaces allowed users to perform significantly faster than the stable interface. These two interfaces needed only two mouse clicks and no scrolls to reveal the answer. However, the stable interface needed 20 full-screen scrolls with much scanning of information to determine if the answer was present. The other two interfaces required little reading since with each TOC item click, users knew they were homing in directly on the answer. Users of the stable interface could have used gross-scrolling techniques rather than full-screen scrolls, but luck or great estimation skills (quite difficult without knowledge of the TOC structure) would have been needed to arrive at the correct spot in the TOC. This was a textual searching task where participants had to find a TOC item given the name (the reverse of tasks 1 and 2); the form of the response was to report the section number of the title. This task was made purposely straightforward by giving a title whose location in the TOC would be clear from the chapter titles. We acknowledge that this task would be performed better by a text search function in the interface, which any good browsing interface should have. But that does not test the differences in interfaces due to their unique features which is this experiment's goal. Both the multipane and expand/contract interfaces allowed users to perform significantly faster than the stable interface. In both those interfaces, the appropriate chapter title was in view in the initial display, and 400 . R. Chimera and B. Shnelderman only one mouse click was needed to reveal the answer; thus they had similar completion times. The stable interface once again required much reading of every screen of information, and screen-by-screen scrolls would have required 13 scrolls to find the answer. Gross scrolling would have been completely ineffective since they were searching for a specific text string and not just scanning for numbers as in task 2. This task asked for the single, most specific TOC item that contained information on all of three given topics which may have involved the highest cognitive load for participants.
The form of the response was to state the TOC item's number. Not only did this task require considerable browsing, but two kinds of mental effort: (a) understanding the given topics and creating or recognizing a higher-order concept in the TOC and (b) the lower cognitive load task of verifying all given topics are covered by a chosen TOC item. This task was to identify which of two given chapter titles appeared first in the TOC, a sibling comparison task at the chapter level. The form of the response was to state the chapter number. The multipane and expand/contract interfaces allowed users to perform significantly faster than the stable-interface.
The reason the stable interface fared poorly was that it needed to be scrolled many times to compare chapter titles. This mostly matched our expectations of performance among the interfaces, though we thought the expand/contract interface would allow for statistically significantly faster performance than the multipane interface. This is because the expand/contract interface had all the information on the screen with the initial display, but the multipane interface had to have its chapter pane scrolled (by task design) to determine the answer. There was almost a factor of three difference between the mean times of these two interfaces ( 11.7s for expand\ contract, 31.8s for multipane) which does support our hypothesis, but this difference was not statistically significant due to high variance in mean times. The task was very similar to task 6 except sibling comparison was at the section level within a specified chapter. We created this task to see if the performance would be different when the targets were in the section level of the TOC rather than the chapter level. The multipane and expand/contract interfaces allowed users to perform significantly faster than the stable interface. The similar completion times for expand/contract and multipane users is due to the need for both to click on the given chapter title to see its sections, and from there sibling comparison time was equivalent.
Stable-interface users had subsection titles separating section titles; thus scrolling was still needed to compare section titles which took longer to perform. . R. Chimera and B, Shneiderman comparison was at the subsection level within a specified section. There was no significant difference in speed among the interfaces for this task. Stableinterface users would have performed much worse, but the target location was in chapter two (by design) so that stable interface users were able to scroll there quickly. Once there, subsection titles to be compared were all in view, an uncommon occurrence in the stable interface that only happens at the subsection level within one section. Multipane users had to scroll the subsection pane when the proper section had its subordinates displayed, thereby slowing their performance enough to allow stable-interface users to perform as well. The animation characteristics of the expand/contract interface (two expansions were needed) slowed their performance enough to allow stable-interface users to perform as well. However, notice the large variance for stable-interface users but the low variance for expand/contract and multipane users. The task was to identify which of two topics was covered more thoroughly in the TOC, which involved a large amount of exploratory browsing. The form of the response was to state which topic was covered more thoroughly and why (e.g., radar had three times more TOC items than emergencies). The multipane interface allowed users to perform significantly faster than the expand/contract interface. The multipane users were able to exhaustively explore the two chapters more quickly than the expand/contract users. The difference in times for the multipane and expand/contract interfaces did match our expectations because multipane has the quicker display of new information upon receiving a mouse click, which allows for more browsing to take place in the same amount of time than with the expand/contract interface. We conjecture that the reason the stable-interface users did as well as they did was because by this point in the experiment they were familiar with the structure of chapters in the TOC; this task used topics encountered in other tasks. Thus some participants attempted a gross scroll, or did screen-by-screen scrolls but with much less reading and more quick scanning than in previous tasks, to get to the correct locations within the TOC to do the necessary brief analysis. This result did not match our expectations for the stable interface. These users performed better than anticipated due to the fact that our task designs were created so as to ensure stable-interface users had a chance at performing well. In our pilot studies they were constantly and visibly frustrated with scrolling being their only navigation technique.
Refined Theories
The clicks model prediction, that the expand/contract and multipane interfaces would produce far faster performance than the stable interface, was confirmed. Since the clicks model deals only with navigation, and not scanning or interpreting, it is more accurate in predicting performance on tasks such as task 2. We found evidence that the expand/contract and multipane views reduce browsing times compared to a fully expanded, stable view for large hierarchies for just about every task. We suggest that a stable interface be replaced with an expand/contract interface because it is similar enough and provides many user benefits. Multipane is better than expand/contract for heavy exploration tasks due to higher speed, less clutter, and no "housekeeping." These two interfaces performed equally well for our tasks involving sibling comparison at any level. Finally, multipane always performed as well as expand/contract in terms of statistically significant results. We favor a multipane interface design as a primary strategy unless other factors intervene.
Future Research
We recommend that future research concentrate on evaluating expand/contract and multipane enhancements rather than considering stable views of hierarchies.
Future research could explolre the animation characteristics of the expand/contract interface. As noted many times, there is a tradeoff inherent in deciding on the speed of expansion/contraction animation. It would also be interesting to find out why users physically move away from the screen during a large expansion. Does this affect performance?
Should the system only present some of the many items being inserted, with a "more" button or action that inserts more of the items? Some possible ways to alter the -Display only some of an item's subordinates for the initial expansion and have users request/confirm for more.
-If an expansion requires more screen space than is available below the item clicked, do not scroll or move the item clicked.
-Allow users to adjust the speed of inserting one item at a time until the most appropriate speed is determined.
-Automatically adjust the speed of inserting one item at a time within an implementation, displaying the first several items slowly (to allow users to begin reading/scanning) and speeding up the insertion of the remaining items.
More research could investigate features the multipane interface can support. One feature could be to allow users to adjust the percentage of screen space devoted to a particular pane or to a particular level of the hierarchy. These two cases are different if a TOC has more levels than there are panes; thus a particular level may not always be contained in the same pane. Study the effect of using a hierarchy that has more levels than there are panes. Natural implementations might be to increase the number of panes or have levels move upward in the column of panes to accommodate deeper levels. How can this migration be clearly communicated to users? What effect would many migrations have on overall comprehension of the hierarchy? A display feature that could be studied in both the multipane and expand/contract interfaces is the use of markers for showing users that an item has been explored in this session, across sessions, and/or at user discretion (i.e., to reset the visited state). Will it prevent needless, time-consuming expansions in the expand/contract interface? Will it hinder performance because users could forget when they visited an item-was an item visited before the "current" task was begun or not? Another experimental method could be used to study the cognitive actions of participants when carrying out a browsing strate~-did times vary because one participant carefully scanned the high-level items for an appropriate item to expand where another participant systematically expanded the items one by one until an answer was found? Asking the participants to describe verbally their search processes or analyzing more completely logged mouse events could shed light on some of the differences in task completion times.
Our 
